-The conventional continuous wave near-infrared spectroscopy (CW-NIRS) has enabled identification of regional differences in muscle deoxygenation following onset of exercise. However, assumptions of constant optical factors (e.g., path length) used to convert the relative changes in CW-NIRS signal intensity to values of relative concentration, bring the validity of such measurements into question. Furthermore, to justify comparisons among sites and subjects, it is essential to correct the amplitude of deoxygenated hemoglobin plus myoglobin [deoxy(HbϩMb)] for the adipose tissue thickness (ATT). We used two time-resolved NIRS systems to measure the distribution of the optical factors directly, thereby enabling the determination of the absolute concentrations of deoxy(HbϩMb) simultaneously at the distal and proximal sites within the vastus lateralis (VL) and the rectus femoris muscles. Eight subjects performed cycle exercise transitions from unloaded to heavy work rates (Ͼgas exchange threshold). Following exercise onset, the ATT-corrected amplitudes (Ap), time delay (TDp), and time constant (p) of the primary component kinetics in muscle deoxy(Hb ϩ Mb) were spatially heterogeneous (intersite coefficient of variation range for the subjects: 10 -50 for Ap, 16 -58 for TDp, 14 -108% for p). The absolute and relative amplitudes of the deoxy(HbϩMb) responses were highly dependent on ATT, both within subjects and between measurement sites. The present results suggest that regional heterogeneity in the magnitude and temporal profile of muscle deoxygenation is a consequence of differential matching of O 2 delivery and O2 utilization, not an artifact caused by changes in optical properties of the tissue during exercise or variability in the overlying adipose tissue. near-infrared spectroscopy; oxygen uptake kinetics; muscle oxygen delivery; muscle oxygen utilization MUSCLE OXYGENATION/DEOXYGENATION reflects the balance between O 2 delivery (Q o 2 ) and O 2 utilization (V O 2 ), i.e., Q o 2 /V O 2 ratio (or V O 2 /Q o 2 as deoxygenation). Thus, the profile of muscle deoxygenation, for example, following the onset of exercise can provide important information regarding the adequacy of the vascular response and the O 2 pressures essential for driving blood-muscle O 2 flux (1, 4 -8, 11, 13, 15-17, 25, 32, 39, 43, 47).
uous wave near-infrared spectroscopy (CW-NIRS) were spatially heterogeneous within the quadriceps muscles in transient states where metabolic rate was changing rapidly (25, 43) . However, the spatial heterogeneity of the muscle deoxygenation dynamics may have been related to intra-and intersubject variability in unmeasured optical factors such as path length, absorption, and scattering coefficients inherent in CW-NIRS technology (15) . Thus, it remains unknown to what extent the absolute amplitude of muscle deoxygenation of the different regions reflects the temporal profile of the mean muscle oxygen pressure and consequently the V O 2 /Q o 2 relationship following the onset of exercise. The recent development of frequency domain-and time-resolved near-infrared spectroscopy (TRS-NIRS) enable continuous measurement of absolute changes in muscle deoxygenation and therefore eliminate the potential influence of unknown optical path length, absorption, and scattering coefficients on muscle deoxygenation data (4, 12-13, 15-16, 48) .
A second potentially confounding factor for the quantification of NIRS signals, and thus comparison among multiple sites both within and across subjects, is the overlying adipose tissue thickness (ATT) (29) . Correction methods for removing the influence of the adipose layer on NIRS-derived estimates of resting forearm metabolic rate have been proposed for CW-NIRS (34, 45) . However, these methods were usually derived from one observation per subject, and their application to quantitatively-derived NIRS signals, such as produced by frequency domain or time resolved near-infrared spectroscopy, is unclear.
To address these concerns (i.e., correction for removing the potential influence of changes in optical properties of the tissue during exercise and variability in the overlying ATT on NIRSderived signals), we utilized a TRS-NIRS system to characterize the dynamic and spatial heterogeneity of quadriceps microvascular deoxygenation. With this system and approach, we quantified spatial heterogeneities of the absolute amplitude of the quadriceps microvascular deoxygenation dynamics following the onset of heavy exercise after correcting them for the influence of ATT within each subject. Specifically, we tested the following hypotheses across the transition to heavy exercise: 1) individual subject and site correction for ATT is requisite for quantitative determination of deoxy(Hb ϩ Mb) amplitude, and 2) when optical path length, absorption, and scattering coefficients and ATT are considered, there remains significant among-site heterogeneity in muscle deoxygenation, implying differential matching of O 2 delivery and O 2 utilization.
MATERIALS AND METHODS

Subjects
Eight healthy male subjects (age, 25.0 Ϯ 5.7 yr; height, 176.5 Ϯ 5.4 cm; and weight, 64.0 Ϯ 6.9 kg) participated in this study. After explanation of all procedures and possible risks and benefits of participation, each subject signed an informed consent form. The study was approved by the Human Subjects Committee of Kobe Design University.
Protocol
Two different protocols were employed in this study. The first was designed to develop a correction factor for the effects of ATT on NIRS responses for each of the subjects. The second protocol then utilized these correction factors to quantify the spatial heterogeneity of muscle deoxygenation responses during heavy cycle ergometer exercise.
Correction of Amplitude of Muscle Deoxygenation for Adipose Tissue Thickness
First, with the subject in a supine position, the ATT under each optode site was measured by B-mode ultrasound (model Logiq 400; GE-Yokogawa Medical Systems, Japan). The ATT over the vastus lateralis (VL) and the rectus femoris (RF) muscles at the distal and proximal sites was measured from the ultrasound image. To quantify the influence of ATT on dynamic changes in NIRS signals, we then compared the slope of change in [deoxy(Hb ϩ Mb)] during cuff ischemia at the four sites within each subject. The underlying assumption in our approach was that the resting muscle V O2 at all four sites would be the same; hence, differences in the slope could be attributed to the overlying ATT. Ischemia occlusion tests were performed at rest with the subject in the supine position. A pressure cuff (Hokanson E20 cuff inflator; Bellevue, WA) placed around the upper thigh of the dominant leg was inflated rapidly (250ϳ300 mmHg) and held until the decrease in [oxy(Hb ϩ Mb)] and the increase in [deoxy(Hb ϩ Mb)] reached plateaus (typically 5 min). The slope of change in muscle deoxygenation increase during the initial portion (ϳ1-2 min) of the occlusion test (i.e., measurement sensitivity) (34) was calculated, and the relationship between the slope of change in muscle deoxygenation and ATT (mm) was approximated using linear regression. The amplitudes of muscle deoxygenation were then corrected (i.e., divided) by the slopes using the linear regression line and normalized to an extrapolated ATT of 0 mm (i.e., multiplied by the y-axis intercept) for each individual subject.
Exercise Tests
On each data collection day, subjects reported to the laboratory at least 2 h after their last meal. They were asked to avoid caffeine and alcohol ingestion and strenuous exercise for 24 h before the test. The temperature and relative humidity of the laboratory were maintained at 25°C and 50%, respectively. On the first visit, seat height and handlebar position on an electronically braked cycle ergometer (model 232C, Combi Japan) were recorded and reproduced on subsequent tests.
Incremental Exercise Tests
The first visit was used to familiarize the subjects with testing procedures and to determine the peak V O2, gas exchange threshold (GET), and work rates for the constant work rate tests. All exercise tests were performed on the cycle ergometer. The incremental ramp exercise protocol preceded by 4-min unloaded cycling was performed in an upright position to estimate each individual's GET and peak V O2. The work rate protocol for the ramp exercise tests was 25-30 W/min and pedal frequency was held constant at 60 rpm. The V O2 at the GET was estimated from gas-exchange measurements by using the V-slope method, ventilatory equivalents, and end-tidal gas tensions (2) .
Constant Work Rate Exercise Tests
Square-wave exercise transition tests were conducted on separate days. Each constant work rate exercise test was performed for 6 min. The heavy exercise work rates were estimated to require a V O2 equal to ϳ40% of the difference (⌬) between the subject's GET and peak V O2, i.e., a value of (GET ϩ 0.40⌬), based on the V O2/work rate with account taken of the lag in V O2 relative to the work rate during ramp exercise. The exercise was preceded by 4-min of unloaded cycling at a pedal frequency of 60 rpm. To minimize random noise and enhance the underlying response patterns for the heavy work rate tests, subjects performed a total of two to four exercise transitions. Only one heavy exercise transition was performed on any single day.
Measurements
Pulmonary V O2. Gas exchange measurements were similar to those described previously (23) (24) (25) . The breath-by-breath gas exchange measurement system (Minato-Medical AE-300S, Japan) was calibrated before each exercise test according to the manufacturer's instructions. Subjects breathed through a low-resistance, hot-wire flowmeter for measurement of inspiratory and expiratory flows. Expired oxygen and carbon dioxide concentrations were determined by gas analysis from a sample drawn continuously from the mouthpiece. Gas volume and concentration signals were time aligned by accounting for the delay in the sampling tube and the analyzer rise time relative to the volume signal.
Muscle deoxygenation. The absolute changes in muscle deoxygenation [deoxy(Hb ϩ Mb)], oxygenation [oxy(Hb ϩ Mb)], and total (Hb ϩ Mb) profiles at four sites in the quadriceps of the dominant leg were measured by two time-resolved spectroscopy (TRS)-NIRS systems (TRS-20 each with 2 channels; Hamamatsu Photonics, Japan). This system can measure the distribution of in vivo optical path lengths directly, thereby enabling the determination of absolute (Hb ϩ Mb) concentration (M). Previous studies have shown that the deoxygenation measured by the TRS correlated significantly with the oxyhemoglobin saturation in both the blood (19) and a purified hemoglobin phantom solution (18) .
The optodes were housed in black rubber holders that helped to minimize extraneous movement, thus ensuring that the position of the optodes was fixed and invariant. The distal optodes were placed on the lower third of the VL and the RF muscles parallel to the major axis of the thigh. The location of the distal optodes on the VL muscle was chosen to represent the single-site NIRS measurement conducted by previous studies (e.g., 13, 17, 47) . The proximal receivers on the VL and the RF muscles were located ϳ10 -15 cm from the distal emitters. The interoptode spacing between emitter and receiver was 3 cm. The depth of the measured area was assumed to be approximately one-half of the distance between the emitter and the receiver (ϳ1.5 cm). The skin under the probes was carefully shaved. Pen marks were made on the skin to indicate the margins of the rubber holder to check for any downward sliding of the probe during cycling and for accurate probe repositioning on subsequent days. No sliding was observed in any subject at the end of each protocol.
The principles of operation and algorithms utilized by the equipment have been described in detail elsewhere (35) (36) . Briefly, the TRS system consists of a pico second (ps) light pulser that emits three wavelengths (760, 795, and 830 nm), with a repetition frequency of 5 MHz and a full width at half maximum of 100 ps. A time-correlated, single-photon, counting board was installed to acquire temporal profiles of detected photons passing through tissue. The laser diodes and photomultiplier tube are connected to a lightweight plastic probe by optical fibers for single-photon detection. The output frequency was selected as 0.5 Hz. In the present study, estimation of the optical path length, reduced scattering coefficient ( s=) and absorption coefficient (a) are achieved by fitting the profile with diffusion theory (35) (36) . Deoxy(Hb ϩ Mb) and oxy(Hb ϩ Mb) are determined from the observed a. Calibration of the equipment was performed before each test, by measuring the instrument's responses when the input and receiving fibers face each other through a neutral-density filter in a black tube.
Data Analysis
Individual responses of pulmonary V O2 (pV O2) and deoxy(Hb ϩ Mb) during the baseline-to-exercise transitions were time interpolated to 1-s intervals, and averaged across each transition for each subject.
The response curve of pV O2 was fit by a three-term exponential function that included amplitudes, time constants, and time delays, by using nonlinear least squares regression techniques (13, 17, 23-25, 28, 43) .
where U1 ϭ 0 for t Ͻ TDi and U1 ϭ 1 for t Ͼ TDi; U2 ϭ 0 for t Ͻ TDp and U2 ϭ 1 for t Ͼ TDp; and U3 ϭ 0 for t Ͻ TDs and U3 ϭ 1 for t Ͼ TDs. V O 2 (b) is the unloaded cycling exercise baseline value, and the subscripts i, p, and s refer to initial, primary, and slow components, respectively; A is the asymptotic amplitude for the exponential term; is the time constant; and TD is time delays. The phase I V O2 at the start of phase II (i.e., at TDp) was assigned the value for that time (Ai=).
The physiologically relevant amplitude of the primary exponential component during phase II (Ap=) was defined as the sum of Ai=ϩAp. We used the value of the slow exponential function at the end of exercise, defined as A s=.
The time delay (TDp) to the onset of an increase in the ATTcorrected deoxy(Hb ϩ Mb) was determined as the first point greater than one standard deviation above the mean of the baseline (6 -7). This analysis was performed on the second-by-second data for each of the individual trials; TD p was then calculated as the average of the two to four trials for each subject. The amplitude (Ai) of the initial component duration (from the onset of exercise to the onset of the primary component) was determined as the difference between the unloaded cycling exercise baseline value and the peak value. Subsequently, the deoxy(Hb ϩ Mb) data were then fit from the time of initial increase in deoxy(Hb ϩ Mb) to 90 s with a monoexponential model of the form in Eq.2 to determine the time course of muscle deoxygenation.
where the subscript p refers to primary component; deoxy(Hb ϩ Mb) (b) is the unloaded exercise baseline value; Ap is the asymptotic amplitude for the exponential term; p is the time constant; and TD is the time delay. The TDp and p of the deoxy(Hb ϩ Mb) response were summed (MRTp) to provide an indication of the overall dynamics of the initial and primary component (7, 13, 17, 32) .
Statistics
Data are presented as means Ϯ SD. Intersite coefficient of variation [CV (%); 100·SD/mean of the 4 sites values] for each subject were calculated to show spatial heterogeneity of the amplitude and kinetic profiles of the muscle deoxygenation. A two-way ANOVA [sites (distal/proximal) and muscles (VL/RF)] was performed to evaluate significant differences of the muscle deoxygenation profiles. When a significant difference was detected, this was further examined by post hoc Scheffé's test. The relationship between two variables was analyzed by least squares linear correlation or nonlinear regression analysis. Significance was accepted when P Ͻ 0.05.
RESULTS
The average peak pV O 2 /body mass value was 52.5 Ϯ 6.2 ml·min Ϫ1 ·kg Ϫ1 . The work-rate at the GET ϩ ⌬40 was 183 Ϯ 25 W. The kinetic parameters of V O 2 at the onset of exercise are presented in Table 1 .
Effects of ATT on the Amplitude of Deoxy(Hb ϩ Mb)
The ATT of the four sites was 5.3 Ϯ 0.6 and 3.4 Ϯ 0.8 mm for the RF and VL muscles at the distal site; 5.3 Ϯ 0.8 and 4.7 Ϯ 1.2 mm for the RF and VL at the proximal site, respectively. The ATT of the distal VL was significantly smaller compared with the other sites (P Ͻ 0.01). Figure 1 shows the muscle deoxy(Hb ϩ Mb) rise during the ischemia occlusion test at these four sites in a single subject. The slope of change in muscle deoxygenation increase during the initial portion (ϳ1-2 min) of the occlusion test was determined using linear regression. The relationship between the slope (S) of change in deoxygenated hemoglobin plus myoglobin [deoxy(HbϩMb)] and ATT (mm) for all subjects was expressed by the following equation: S ϭ 12.73 Ϫ 1.49·ATT (r ϭ 0.71, P Ͻ 0.01; Fig. 2 ).
The differences in ATT significantly affected the slope of the muscle deoxy(Hb ϩ Mb) rise during the ischemic cuff occlusion, where the greater the ATT, the more the slope was attenuated. Note that our data suggest that ATT significantly attenuated the signal strength (amplitude of change) even for ATT values Ͻ 5-6 mm. Figure 3 shows the response of absolute concentrations in muscle deoxy(Hb ϩ Mb) for the transition from unloaded to heavy exercise in a single subject. Uncorrected for ATT (Fig.  3A) , the distal VL shows the greatest deoxygenation. However, after correction, the distal and the proximal VL have the lowest and the proximal RF the greatest, deoxygenation (Fig. 3B) . Furthermore, the amplitude change in deoxygenation above the baseline (i.e., A p ) among the four sites, when corrected for ATT, was similar. Figure 4 shows the same set of responses for the four muscle sites in another subject. In this case, when corrected for ATT (Fig. 4B) , the distal RF showed greater deoxygenation than the other three sites.
Deoxy(Hb ϩ Mb) Kinetics and Their Spatial Heterogeneity
During the initial component following the onset of exercise (i.e., period of TD p ), the amplitude and kinetic profiles of muscle deoxygenation for each subject were spatially heterogeneous and varied among the subjects [ Table 2 ; intersite CV (within-subject) for A i and TD p . Range for the subjects are 21-187 for A i and 16 -58% for TD p ]. Some sites showed a decrease (undershoot) in the ATT-corrected amplitude of the deoxy(Hb ϩ Mb) from the baseline, while the others remained constant before the subsequent exponential increase. However, there were no significant differences for the group mean data in the A i across the four sites. The TD p was significantly longer in the RF (18.8 Ϯ 7.4 vs. 12.6 Ϯ 3.6 s for the RF and VL muscles, respectively; P Ͻ 0.01). Regarding the comparison of the distal vs. proximal site, there were no significant differences of the A i and TD p .
For the primary component, the amplitude and kinetic profiles of muscle deoxygenation within each subject were spatially heterogeneous (Table 2 ; intersite CV range for the subjects are 10 -50 for A p , 14 -108 for p , and 10 -65% for MRT p ). There were no significant differences for the group mean data in the ATT-corrected A p above the baseline across the four different sites. The kinetics of the primary component Fig. 1 ). Without the ATT correction, the amplitudes above baseline were larger in the distal VL compared with the other sites (A). However, when the muscle deoxy(Hb ϩ Mb) responses during heavy exercise were corrected by the slopes (Fig. 2) and normalized to an ATT of 0 mm, the distal and the proximal VL had the lowest and the proximal RF the greatest, deoxygenation (B).
were significantly longer in the RF compared with the VL muscle ( p , 17.5 Ϯ 12.8 vs. 7.1 Ϯ 3.5 s, P Ͻ 0.01; MRT p , 34.0 Ϯ 12.1 vs. 19.6 Ϯ 5.7 s for RF and VL, P Ͻ 0.01, respectively). When the distal sites were compared with the proximal sites, there were no significant differences in the A p , p , and MRT p .
The degree of dynamic intersite heterogeneity (intersite CV for p and MRT p ) of muscle deoxy(Hb ϩ Mb) at the four sites was not associated with variations in phase II pV O 2 kinetics at the onset of heavy cycling exercise (r ϭ 0.29 for p and r ϭ 0.61 for MRT p ; both P Ͼ 0.05). Furthermore, muscle deoxy(Hb ϩ Mb) kinetics per se ( p and MRT p ) of any single site were not related to phase II pV O 2 kinetics.
DISCUSSION
To our knowledge, this is the first investigation to quantify spatial heterogeneities of the absolute concentrations of the quadriceps microvascular deoxygenation following the onset of heavy intensity cycling exercise. After correcting the muscle deoxygenation for the influence of ATT for each subject and using TRS-NIRS to avoid artifacts caused by different optical path length, absorption, and scattering coefficients, this resolved much, but not all, of the among-site heterogeneity for deoxy(HbϩMb) amplitude. Moreover, substantial among-site heterogeneity in muscle deoxygenation kinetics remained. These heterogeneities are suggested, therefore, to result from regional differences in matching of O 2 delivery and O 2 utilization during exercise.
Absolute Quantification of the Dynamic Heterogeneity of Muscle Deoxygenation
The CW-NIRS used in previous studies enabled identification of regional differences in blood volume and deoxygenation in muscle during exercise (22, 25, 30, 39, 43) . However, assumptions of constant path length, absorption, and scattering coefficients used to convert the CW-NIRS signal to the relative concentration values limit the accuracy of measurement and may overestimate the changes in NIRS variables during exercise (15) . Specifically, without consideration of dynamic changes in the optical factors, both the amplitude and the kinetics of change of NIRS signals may be incorrectly calculated, which could then have the possibility of leading to wrong conclusions regarding those changes. This is the mechanistic basis for justification for the quantitative approach taken in the present study with TRS-NIRS. The attenuation of the light propagation inside the biological system is caused by scattering and absorption media within the muscle region investigated by NIRS (12, 26, 29, 33) . The region interrogated is composed not only of muscle, but also of adipose tissue, as well as intravascular and extravascular compartments with volume distributions, which are likely to be different among subjects. Normalization procedures used with the CW-NIRS, such as scaling changes during exercise to the deflection induced by limb ischemia at peak exercise (3) or cuff occlusion test (17) , might reduce the error in absolute changes incurred by assuming constant path length, absorption, and scattering coefficients. However, this procedure would not have corrected the dynamic disparities demonstrated in the present study. Thus, the interpretation of NIRS-derived data can be improved by considering the scattering and absorption properties of light within each individual (4, 12-13, 15-16, 26) .
The skeletal muscles recruited are not homogeneous, either with respect to their relative contribution to the work of cycling or with regard to muscle fiber type, recruitment pattern, and distribution of blood flow (9, 20 -21, 25, 30 -31, 37-38, 41, 46) . Based on electromyography activity, the VL muscle provides a good representation of muscle activation during cycling (27) and thus this location was chosen for single-site NIRS measurement conducted by previous studies (e.g., 13, 16, 47) . However, there have been no studies that provide absolute quantification of the dynamic heterogeneity of muscle deoxygenation in the different regional muscle capillary beds following the onset of exercise in humans. In the present study, the absolute amplitude and kinetic profiles of muscle deoxygen- ation for each subject were spatially heterogeneous and varied among the subjects (Figs. 3 and 4 , and Table 2 ).
In addition to the VL muscle, contribution from the RF muscle to the quadriceps deoxygenation dynamics was important following the onset of heavy exercise. Previous studies demonstrated either lower (9 -10, 40, 44) or similar (40, 42) activation of RF compared with VL during constant-load cycling exercise. The slower deoxygenation kinetics (TD p , p , and MRT p ) in the RF muscle in the present study might reflect a better matching of the increase in O 2 delivery and O 2 utilization at a given work rate compared with the VL. Although there is some evidence that the VL muscle has a higher fraction of type II fibers and lower blood flow relative to these other regions (e.g., 20) , further studies are required to clarify whether inherent differences in percentage of muscle fiber type in the VL and RF muscles are related to the dynamic heterogeneity of muscle deoxygenation found in the present study.
In a preliminary examination of rat locomotor muscles during running we found that there was considerable interindividual heterogeneity in blood flow depending on the muscle itself [RF, VL, and vastus medialis (VM)] at a given whole body metabolic rate (D. C. Poole, T. I. Musch, unpublished observations). Furthermore, the heterogeneity among muscles comprised of predominantly IIa/IIb/IId/x (RF, VL, VM) was far less than the difference between these muscles and the exclusively white (IIb; RF white) muscle portions. These effects may well be present in the subjects in the present study although one might expect it to be less during cycling where there is a reduced opportunity for different biomechanical/ muscle recruitment strategies than during running. Furthermore, with the mosaic of different fiber types found in most human muscles there should be no such extreme dominance of one fiber type over another as seen in the rat (14) , for example. Regardless of fiber type, however, we believe the matching of O 2 delivery and O 2 utilization is the important criterion as this sets the blood-myocyte O 2 driving pressure and, via its effects on intramyocyte O 2 pressures, impacts directly upon metabolic regulation, the contractile machinery, and the fatigue process(es) (1, 4 -8, 13, 16 -17, 25, 32, 39, 43, 47) .
Effect of Subcutaneous Fat Thickness on Muscle Deoxygenation
Since the ATT has a substantial influence on the NIRS measurements (29, 34) , it is essential to correct the amplitude of deoxy(Hb ϩ Mb) for ATT following the onset of exercise, to justify comparisons among different sites and also different subjects. It has been shown that the measurement sensitivity of muscle oxygenation using CW-NIRS decreases greatly with increases in the ATT (34) . The effect of adipose tissue on the CW-NIRS signal has been taken into account indirectly by normalizing the dynamic change in deoxy(Hb ϩ Mb) during exercise to the maximal deoxygenated concentration variation observed during ischemia (e.g., 17). In the present study, the correlation coefficient of the relationship between the maximal displacement of the deoxy(HbϩMb) signals during the occlusion test and ATT for all subjects was 0.54 and lower than the relationship between the slope of change in muscle deoxygenation and ATT (r ϭ 0.71).
Regarding the influence of ATT on NIRS signals, previous studies examined only one site for each subject (34, 45) . Therefore, in these studies it was assumed that the absolute resting muscle V O 2 among subjects was the same to develop a generalized correction factor for the ATT. In the present study, we examined the influence of ATT on the muscle deoxygenation at four different sites in the quadriceps muscles of each subject. In this case we believe that the assumption of a similar V O 2 for each site within a subject is more reasonable, such that the slope (S) of the increase in deoxy(Hb ϩ Mb) during the occlusion test should be similar among regions in the absence of any confounding influence of ATT. Pertinent to this point, Kalliokoski et al. (21) showed (Fig. 2B of that publication) that there is no difference in muscle V O 2 among different muscle regions at rest (personal communication with Drs. K. K. Kalliokoski and M. S. Laaksonen, Turku, Finland). We examined the relationship between S and ATT independently for each subject, since the resting muscle V O 2 might be different across subjects. The amplitude (A p ) of muscle deoxy(Hb ϩ Mb) was inversely correlated with ATT, i.e., the thicker the fat pad, the lower the A p . Since the relationship was similar across subjects, the group mean relationship between the S and ATT for all subjects and sites was adopted to correct for the effect of ATT on the amplitude of muscle deoxy(Hb ϩ Mb). When the A p of muscle deoxy(Hb ϩ Mb) during heavy exercise was thus normalized by the S, there was no significant difference in the A p above the baseline across the different sites, confirming the appropriateness of this correction process.
In conclusion, after correcting the quadriceps muscle deoxygenation for the influence of ATT at each muscle site examined, the absolute amplitude and kinetic profiles for each subject using multichannel TRS-NIRS were spatially heterogeneous following the onset of heavy exercise, confirming our previous findings using CW-NIRS. The results found in the present study support that multichannel TRS-NIRS is a powerful noninvasive tool with which to investigate the spatial and temporal profiles of the absolute changes in muscle deoxygenation during exercise, thus permitting quantitative comparisons of response amplitudes among sites and subjects. Values are means Ϯ SD (n ϭ8). Deoxy(HbϩMb), deoxygenated hemoglobin ϩ myoglobin; Ai, amplitude of initial component; Ap, amplitude of primary component; RF, rectus femoris muscle; VL, vastus lateralis muscle; MRTp, mean response time of the primary component of the response (MRTp ϭ TDp ϩ p); inter-site CV, coefficient of variation at the four sites for each subject.
Perspectives and Significance
Skeletal muscle is a structurally and functionally heterogeneous tissue. Investigation of the relative matching of O 2 supply-to-O 2 utilization by NIRS offers important mechanistic insights into its function in health and dysfunction in disease. Such analyses demand high spatial and temporal fidelity NIRS measurements of absolute muscle deoxy(HbϩMb). The present investigation demonstrates that TRS-NIRS can provide these data but only after correction for regional adipose tissue deposits both within and among subjects.
